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The hypothesis that retinal dopaminergic (DA) neurones are involved in the visual functions of
interest was tested. The retinal DA in young quail was partially depleted by intravitreal injection of
6-hydroxydopamine (6-OHDA). It was found that the refractive state of 6-OHDA-treated birds
became more myopic than normal (untreated) young, whereas the pupil diameter was not affected.
The contrast sensitivity of 6-OHDA treated quail was significantly lowered (two to three times) at
all spatial frequencies studied (0.25-5 c/d), and the peak latency of pattern electro-retinogram
(PERG) response was prolonged by 3A msec (9%). Furthermore, the visual acuity and maximal
amplitude of PERG response of the 6-OHDA-treated young quail were lower than those of normals.
From histochemical studies, it was revealed that the morphology of the DA cells of 6-OHDA-treated
young appeared similar to those of the old quail; the DA cells of 6-OHDA-treated retinae were less
fluorescent and 2.5–5 times less numerous than respective controls. Combining the PERG and the
morphological results, it would seem that the retinal DA plays an important role in the visual
functions studied, and that loss of retinal DA could underlie some of the visual changes which occur
during ageing. @ 1997 E1sevier Science Ltd. All rights reserved.
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INTRODUCTION
It is generally believed that dopamine (DA) is a major
neurotransmitter in the retina (Ehinger, 1978). Many
studiesat the ceIlularlevel also revealed the variousroles
of DA in visual performance(for review, see Djamgoz &
Wagner, 1992). DA was found to be involved in
retinomotor movements and disk shedding of photo-
receptors (PCs) in lower vertebrates(Kohleret al., 1990),
modulationof PCs inputs to and electrotoniccouplingof
horizontal cells (HCS)(Knapp et al., 1990)and negative
feedback onto PCs from HCS (Kirsch et al., 1991). DA
also has effects on bipolar cells (Yamada & Saito, 1988;
Heidelberger & Matthews, 1994), amacrine cells (Hed-
den & Dowling, 1978) and ganglion cells (Ikeda et al.,
1986). DA has also been reported to have a regulatory
effect on axial eye growth in chick (Stone et al., 1989).
It would follow from such functionalinvolvement,that
DA deficiency might be associated with decreased
contrast perception. Indeed, such a deficit has been
observed in elderly subjects as well as patients with
Parkinson’s disease (Sekuler & Hutman, 1980; Ghilardi
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et al., 1988a;Bodis-Wollner,1990).Furthermore, it was
found that L-dopa (Domenici et al., 1985) as well as
piribedil (a DA agonist) (Corbe et al., 1992) could
improve the contrast sensitivityof healthy volunteers or
elderly subjects over a limited range.
Loss of retinal DA has been found in parkinsonian
patients (Harnois & Di Paolo, 1990). Age-related
decrease in the turnover rates of DA receptor in the
retina, and the differentialeffect of ageing on DA binding
sites and DA receptor sensitivityhave also been reported
(Katz & Robinson, 1986;Giorgi et al., 1992). Stanzione
et al. (1992)and Hadjiconstantinouet al. (1990)provided
evidence that the D2 receptor played a principal role in
modulating retinal responses as well as retinal DA
synthesisand metabolism.
The hypothesis that retinal DA neurones are involved
in visual functioning in relation to ageing (Lee et al.,
1997) was tested in the present study by using 6-
hydroxydopamine(6-OHDA) to deplete the DA content
of the retina. 6-OHDA, known to cause degeneration of
DA neurones (Sachs & Jonsson, 1975),was injected into
the vitreous body of young (4–6 months) quails of both
sexes. Pattern electroretinogram (PERG) was measured
after DA depletion occurred. The morphological and
quantitativeaspectsof DA cells in normal and 6-OHDA-
treated retinae were also studied using the fluorescence–
histochemicalmethod.
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METHODS
Subjects
Quail (Coturrzixcoturrzixjaponica) were kept on a
light/dark cycle of 12/12hr; light was provided from 8
a.m. to 8 p.m. Before each experiment, the quail was
weighed and ocular fundus examinationwas carried out.
For anesthesia, 10% ketamine (0.06 ml/kg) was first
injected intramuscularly and was followed 10–20min
later by 20% urethane (0.1 ml/100 g) injected into the
peritoneum. The bird was then wrapped with cotton to
keep it warm for 1–1.5hr until it was completely
anaesthetized. Before each experiment, the quail was
weighed and an ocular fundus examination was carried
out after anesthesia with an ophthalmoscope to
determine the clarity of the ocular media.
All the proceduresused on living animals described in
this studywere monitoredcarefullyand carried out under
a personal license to Jee-Yau Lee (Home OfficeNo. PIL:
70/10132,U.K.).
Depletion of retinalDA by 6-OHDA treatment
Neurotoxin injection was carried out according to the
method of Negishiet al. (1981)with some modifications.
After anesthesia, 5 ,u1 of solution containing 0.5 pg
6-OHDA ph.Is1 pg vitamin C (to prevent oxidation of
6-OHDA) and 1 pg pargyline (to prevent degradationof
6-OHDA by endogenous enzymes) was injected intra-
vitreally into the quail’s left eyeball. For control, 6-
OHDA solution was replaced by 5 pl 0.9% NaCl plus
vitamin C and pargyline. PERG measurement and other
experimentswere carried out 7 days after the injection.
Pupil diameter and PERG measurements
Pupil diameter measurement was carried out as
described by Lee et al. (1997). Details of procedures of
the PERG measurementsincludingrefractivestate,visual
acuity and contrast sensitivityhave been given by Lee et
al. (1997).
Histochemical studies
The method of Negishiet al. (1981)was followedwith
some modification. Anaesthetized quail was injected
intravitreallywith 10 @ of 0.9% NaCl solution contain-
ing noradrenaline (NA, 5 ,ug) and 5,6-dihydroxytrypta-
mine (5,6-DHT, 5 pg) 3 hr prior to enucleation. The
enucleated eyeball was cut open, and fixed in a mixture
solution of 4% paraformaldehyde,0.590glutaraldehyde
and 3570 sucrose in 0.1 M phosphate buffer at pH 7.4
(FGS solution)overnight at 4°C. The isolated retina was
flat-mountedwith the photoreceptor side facing upward
on a cover glass, and was dried overnightin a desiccator.
Afterwards, with the receptor side facing downwardon a
glass slide, the preparations were examined under a
fluorescence microscope (Nikon EF). The filter system
consistedof a BG-3/IF-405for excitationand a Y-475 for
absorption. The NA was preferentially taken up by
dopaminergiccells shininggreen,while the 5,6-DHTwas
preferentially accumulated by indoleamine (IA) cells
fluorescingweakly yellow (Negishi et al., 1981).
The average DA cell density (cell number/mm2)was
obtained from the cell counts carried out directly under
the microscope. Counts were made at least 20 times in
different regions randomly selected from either red field
or the rest part of the quail’s retina (yellow field). The
average numbers and the standard errors were then
calculated.
Data analysis
Quantitative data were determined as means ~ stan-
dard errors. Statistical significance was tested using
analysis of variance (ANOVA).
RESULTS
6-OHDA and vehicle control injections were con-
ducted on young quail (3-6 months). They were then
comparedwith the data obtainedpreviouslyfrom normal
“young”(3–6months)and “old” (>16 months)quail (Lee
et al., 1997).
(a) Male
n= 16 n=6 n=l O n=l O
YOUNG OLD 6-OHDA VEHICLE
(b) Female
n= 15 n= 19 n=8 n= 12
YOUNG OLD 6–OHDA VEHICLE
FIGURE 1. The refractive states of the normal (young and old) and
treated (6-OHDAand vehicle control) young quail. The data of both
(a) male and (b) female quail are presented. The error bars represent
standard errors. n, sample size; D, dioptre.
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Refractive state
The effect of 6-OHDA treatmenton the refractivestate
of the eye is shown in Fig. 1. It can be seen that, although
the lens of each treated young bird remained transparent
as checked by fundus examination, the refractive state
became more myopic (–2.9 + 1.05D for male and
–3.81 ~ 1.29D for the female) compared to the
untreated young birds for both sexes (–0.77 t 0.54D
for male, –0.59 i- 0.83D for female). A two-way
ANOVA analysis was performed, with the treatments
(6-OHDA and vehicle control) as one factor and gender
as the other. It revealed that the effect of treatmentswas
significant [F(2,64) = 5.599, P < 0.01], but no signifi-
cant effect was found for gender. An individualpost-hoc
Scheffe test indicated that when gender is disregarded,
the effect of 6-OHDA on the refractive state was
significant (P < 0.01), but the differences between
vehicle control (–0.9 f 0.76D for male, –1.58 i
‘F
u
‘?
E
L(1)
E
u
.—
u
.=
n
4
3
2
1
0
4
3
2
1
0
(a) Male
n=l 4 n=l 5 n= 10 n=~
0.69D for female) and untreated young quail were not
significant (P > 0.7). On the other hand, it was found
that the refractive states of 6-OHDA-treated young were
much the same as those of the old for both sexes
(–3.25 ~ 0.84Dfor male, –3.16 t 0.64Dfor female) as
disclosed by the ANOVA analysis of age effect
[F(1,40) = 0.155, P > 0.7].
Pupil diameter
The data obtained from pupil diameter measurements
are given in Fig. 2. The averaged pupil diameters of
untreated young birds were 2.79 ~ 0.09 mm for males
and 2.93 t 0.16 mm for females. The injection of either
6-OHDA (2.63 ~ 0.14 mm for male, 2.54 + 0.16 mm
for female) or vehicle solution (2.74 ~ 0.07 mm for
male, 2.46 + 0.13 mm for female) did not induce any
significant change in the pupil diameter for birds as
revealed by the two-way ANOVA analysis, with
treatments and gender as independentvariables.
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YOUNG OLD 6–OHDA VEHICLE
(b) Female
a
YOUNG OLD 6–OHDA VEHICLE
FIGURE 2. The pupil diameter of the normal (young and old) and
treated (6-OHDA and vehicle control) young quail. The data of both
(a) male and (b) female quail are presented. The error bars represent
standard errors. n, sample size.
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(b) Female
n= 15 n= 19 n=a n=l
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YOUNG OLD 6–OHDA VEHICLE
FIGURE3. Thevisual acuityof the normal(youngandold) and treated
(6-OHDAand vehicle control) youngquail. The data of both (a) male
and (b) female quail are presented. The error bars represent standard
errors. n,sample size; c/d, cyclePervisualdegree.
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Visual acuity
The results showingthe effect of 6-OHDAinjectionon
the visual acuity of quail are presented in Fig. 3. The
averaged visual acuity of normal young quail was
4.82 + 0.22 c/d and 4.73 + 0.35 cld for males and
females, respectively. 6-OHDA treatment caused a
substantial decline in visual acuity (3.31 i 0.33 c/d for
male, 3.04 t 0.45 c/d for female) for both sexes.A two-
way ANOVA analysis(with the treatmentsand gender as
:- J --,.-J--- ..,. ..L1 ,1”\”\ : - ,4:,. ,. 4,.,4 4L,.4 *L- ..,. . . . . . -:-.. :42
lllUG~CllUCllL ViUltiUIG>) lllUILXILGU Lllclt L1lCIG WdS M~lllll-
cant effect for the treatments [F(2,66) = 17.806,
p < 0.0001], but not for gender. The post-hoc Scheffe
test revealed that 6-OHDA injection had a significant
effect (P < 0.0001),but the injection of vehicle solution,
on the other hand, had almost no effect on the visual
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~cuity(P > 0.7) of either sex (5.06 t 0.18 c/d for male,
5.02 t 0.26 c/d for female). This result suggests that,
althoughthe injectionof 6-OHDAcouldcause significant
impairmentof the visual acuity of the quail, no damage
wasbeing causedby the injectionitself.The visual acuity
)f the 6-OHDA-treatedyoungbirdswas also significantly
~ifferentfrom that of the normal old (4.9 ~ 0.21 c/d for
maleand 4.54 t 0.17 c/d for female), as indicatedby the
ANOVA analysis of age effect [F(1,38) = 31.323,
P < 0.0001].
Zontrastsensitivity
Vehicle control. The data from the quail injected with
:hevehicle solutionalone, are plotted in Fig. 4(a) and (b)
formales and females, alongwith the data for the normal
(b)
-r
l Young
0 Vehicle control
1 I I 1
(d)
1 I 1
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1
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o 6–OHDA 1
1 I 1 I
(f)
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0.2 0.4 0.8 1.6 3.2 6.4
Spatial frequency (c/d)
FIGURE4. The contrast sensitivity as a functionof the spatial frequencyof the grating stimuli. The data of normal youngand
vehicle control (a) male and (b) female quail are shown.The data of normal youngvs 6-OHDA-treatedquail are shownfor (c)
male and (d) female quail. The data of normal old vs 6-OHDA-treatedquail are shownfor (e) male and (f) female quail. The
error bars represent standard errors. n, sample size; c/d, cycle per visuaf degree.
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young, respectively. It can be seen that the injection of
the vehicle solution actually improved the contrast
sensitivitya little in the spatial frequency range between
0.5 and 2 cld for both sexes. A two-way ANOVA
analysis revealed that the effect of vehicle treatmentwas
significant [F(1,96) = 5.094, P = 0.02] in this spatial
frequency range, but no effect was found for gender.
However, the “vehicle” and the “young” curves con-
verged on the abscissa at almost the same spatial
frequency (4–5 c/d). This result agreed with the visual
acuity measurements that the injection of the vehicle
solution alone did not alter the visual acuity.
6-OHDA Treatment. The data for the young quail
treated with 6-OHDA, along with those of the normal
young, are plotted in Fig. 4(c) and (d) for males and
females, respectively. For both sexes, the contrast
sensitivities of the 6-OHDA-treated birds were about
two or three times lower than thoseof theuntreatedyoung
at all spatial frequencies tested. The ANOVA analysis
showed that the differences induced by 6-OHDA were
statistically significant[F(1,216) = 33.805,P < 0.0001].
In addition, the “6-OHDA” curves intersected with the
abscissae at lower spatial frequencies than those of the
“young”curves, indicatingthat the visual acuity of the 6-
OHDA-treated quail was lower than that of the young.
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Comparison between the 6-OHDA-treated “young”
and the untreated “old” quail. The contrast sensitivity
data of the young quail treated with 6-OHDA, along with
thoseof the normal old, are plotted in Fig. 4(e) and (~ for
males and females, respectively. It can be seen that, for
both sexes, the contrast sensitivities of the 6-OHDA-
treated quail were lower than those of the old, except at
lower spatial frequencies [0.25-1 c/d; the ANOVA for
age was F(1,76) = 1.728,P > 0.1]. The differenceswere
statistically significantat and above 2 c/d [the ANOVA
for age was F(1,116) = 33.505, P < 0.0001]. The inter-
sectionsof the curveswith the abscissaerevealed that the
6-OHDA-treated quail also had a lower visual acuity
compared with the old, in agreement with the results
shown earlier (Fig. 3).
These resultssuggested,therefore, that 6-OHDA could
have a very pronounced effect on quail’s spatial vision.
Following the treatment, the young birds became even
worse than the “old” as regards their visual acuity and
contrast sensitivity.
The maximal amplitude and the peak latency of PERG
signals
The maximal amplitude and the peak latency of the
PERG signals of 6-OHDA-treated birds were recorded
(c) Male
—
YOUNG OLO 6-OHDA VEHICLE
(d) Female
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FIGURE5. The amplitudeof PERGsignals of normal (youngand old) and treated (6-OHDAand vehicle control) youngquail.
The data of both (a) male and (b) female quail are shown.The data of both (c) male and (d) female quail showthe peak latency
of PERGsignals of normal (youngand old) and treated (6-OHDAand vehicle control) youngquail. They were the average of
the data recorded from the measurement of visual acuity with spatial frequencies at 0.25, 0.5, 0.75 and 1 c/d. The error bars
represent standard errors.
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from the measurements of visual acuity, for spatial
frequencies in the range 0.25–1 c/d, i.e., the visual
perception of the quail would be at its best. The data of
the maximal amplitude are presented in Fig. 5(a,b). For
the male quail, the injection of vehicle solution did not
change the maximal amplitude (6.7 ~ 0.3 pV), but
6-OHDA reduced the maximal amplitude to less than
half (2.8 t 0.6 pV; 61Y0decrease)of the normaloriginal
value (7.2 t 0.4 V). For the females, there was also a
massive loss (48%) in the maximal amplitude after the
injection of 6-OHDA (6.0 + 0.4 pV vs 3.1 ~ 0.4 uV),
but vehicle solution again had no effect (6.2 t 0.4 ,uV).
A two-way ANOVA analysis was performed, with the
treatments (6-OHDA and vehicle control) and gender as
independent variables. The differences induced by the
treatments were significant [F(2,64) =42.968,
P < 0.0001], but not for gender. The post-hoc Scheffe
test indicated that the decreasescaused by 6-OHDAwere
significantfor both sexes (P < 0.0001), unlike the effect
of the vehicle injection (P > 0.9). The decreased
amplitude of 6-OHDA-treated young birds, however,
was not observed in the old birds (7.5 t 0.6 pV for male,
6.3 ~ 0.4 pV for female), as indicated by ANOVA
analysis for age [F(1,38) = 49.315,P < 0.0001].
The effect of 6-OHDA on the peak latency was also
impressive [Fig. 5(c,d)]. For both sexes, 6-OHDA
substantially lengthened the peak latency from
44.3 ~ 0.4 msec for males and 43.7 + 0.4 msec for
females (normal young birds) to 47.2 t 0.6 msec and
46.4 ~ 0.5 msec, respectively. The injection of vehicle
solution had no effect (43.4 t 0.4 msec, and
43.1 i 0.3 msec for males and females, respectively).
A two-way ANOVA analysis was performed. No
significanteffect was found for gender, but the effect of
the treatment (6-OHDA and vehicle control) was
significant [F(2,67) = 38.427, P <0.0001]. The post-
hoc Scheffe test indicated that the changes caused by 6-
OHDA were significant for both sexes (P< 0.0001),
unlike the effect of the vehicle injection (P> 0.1),
indicating that the changes brought about by 6-OHDA
were not caused by the action of the injection itself.
The prolonged peak latencies in 6-OHDA-treated quail
were very similar to the values observed in the old
birds (47.7 f 0.5 msec for males, 47.0 + 0.4 msec for
females). The ANOVA analysis for age was
F(1,38) = 0.825, P > 0.3].
FIGURE 6. Fluorescence photomicrographsobserved in the red field
of quail retinal-flatmount.The bluish-greencells are DA cells and the
yellowish cells belong to a class of indoleamine-accumulating(IA)
amacrine cells. (a) A normal young (4 months old) male quail; (b) a
normalold (19.3monthsold) male quail, note that the colourof the DA
cell (arrows) became pale bluish-green and the cell body was a little
swollen. (c) Is from a young(4 monthsold) male quail, 7 days after the
injection of 6-OHDA.Some DA cell bodies (arrows)became swollen,
and their fluorescence became hardly detectable; and (d) is from a
young (4 months old) male quail, injected with the vehicle solution
instead of 6-OHDA.Scale bar = 50 ym. g, bluish-greenDA neurones;
y, yellowish IA neurones.
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TABLE 1. Cell density of dopaminergic(DA) neurones in quail’s retina
Male Young Old 6-OHDA Vehicle
Averaged age 4.13 19.86 4.83 4.74
Red field 22.8 11.7 21.6
(0.9) (1.6) (:::)
Yellow field
(3.0)
16.7 10.4 12.2 18.1
(1.1) (1.3) (0.9) (1.9)
Sample size 22 5 15 6
Female Young Old 6-OHDA Vehicle
Averaged age 4.56 19.26 4.33 4.73
Red field 27.5 13.8 5.3 26.2
(1.1) (1.1) (0.6) (1.5)
Yellow field 16.8 12.5 4.7 20.4
(1.7) (0.8) (0.3) (0.5)
Sample size 20 14 15 6
Age is in months,cell density is in cell/mm2.The standarderrors are given in parentheses.Youngquail (3-6 months)andold quail (>16months).
Histochemical study
DA Cells of normal young quail. In wholemounl
retinae, a population of cells fluorescing bluish-green
characteristic of DA-amacrine cells (ACS) described
previously in the chick and pigeon retina by Flor6n
(1979)were observed [Fig. 6(a)]. The majorityof the DA
cell bodies were located along the innermost row of the
inner nuclear layer (INL) adjacent to the inner plexiform
layer (IPL). Most of the perikarya were round with a
smooth outline, but some were triangular or spindle
shaped.Despite the variation in shape, the size of the cell
bodies was relatively uniform, being about 10-15 pm in
diameter. The main plexus of fluorescent neuritis was
located at a level of focus just above the fluorescingcell
bodies, i.e., in the outer IPL.
DA Cells of old quail. The fluorescencefrom the DA
cells of old quail (>16 months)was generallyweaker than
that of the young [Fig. 6(a) vs Fig. 6(b)]. Some of these
cells appeared somewhat swollen and their perikaryaand
dendrites were hardly visible.
DA Cellsof 6-OHDA-treatedand vehiclecontrolquail.
After injection of 6-OHDA, the DA cell bodies of young
quail became swollen, and their fine beaded processes
disappeared, indicating clearly a degeneration process
induced by 6-OHDA [Fig. 6(c)]. The bluish-green
fluorescent emission was much less intense and some
cell bodies were barely visible. On the other hand, the
morphologyof the DA cells of the vehicle control looked
almost the same as those of the normal untreated group
[Fig. 6(d)].
DA cell density. These data are given in Table 1. The
densityof the DA cells in the red fieldof youngquailwas
higher than that in the yellow field for both sexes. The
differences were significant, as shown by ANOVA
analysis [17(1,80)= 47.475, P < 0.0001]. For the old
quail, the difference in the red and yellow fieldsbecame
less prominent [F(1,34) = 0.247,P > 0.6]. However, the
cell densitiesof the old quailwere lower than those of the
young in both fields. In the red field of the old quail, the
DA cells were 49% less for males and 50% less for
females, compared with the young. In the yellow field,
these were 38% and 26%, respectively. The differences
between the young and the old quail, in respective areas
of retina, were statistically significant [F(1,118) =
84.455, P <0.0001 for age effect; F(1,118) =
15.859, P <0.0001 for field effect). The 6-OHDA
treatmenthad a significanteffect on the density of retinal
DA cells (Table 1). The DA cells in the red area of
young male quail decreased by 61% after treatment,
whilst in the yellow field, the decline was 27%. For
females, the decreaseswere 81% and 72%, respectively.
A three-way ANOVA analysis was performed, with the
treatments (6-OHDA and vehicle control), gender and
fields (red and yellow) as independent variable. The
differences induced by the treatments were significant
[F(2,156) = 120.987,P < 0.0001], and also for the fields
[F(1,156) = 22.724,P < 0.0001),but not for gender.The
post-hoc Scheffe test indicated that the decreases caused
by 6-OHDAwere significantfor both sexes (P < 0.0001).
The injection of vehicle solution did not have any effect
(P> 0.8).
DISCUSSION
The overall conclusion of the present study is that
depleting retinal DA in “young” quail produces visual
effects usually seen in “old” birds. Several aspects of the
findingsare discussedbelow.
Refractive state
We showed earlier that the refractive state of the old
quail was significantlymore myopic than the young for
both sexes (Lee et al., 1997). After the 6-OHDA
treatment, the refractive states of young quail became
close to those of the old. This could be due to two
possible effects:
1, 6-OHDA, by reducing the concentrationof DA (and
norepinephrine), could lead to a weakening of the
sympathetic innervation and deprivation of the
dilator muscle of its “tone”. Under this condition,
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the lens would lose its flexibilityand curvature for
proper focusing of the image, which could be
similar to that occurring in aged human (Schafer &
Weale, 1970).
2. Eye size could change as a result of the 6-OHDA
treatment. Retinal DA was found to be reduced in
chicken eyes with form-deprivation myopia and
administration of DA-related agents hinders the
expected elongation in deprived eyes (Stone et al.,
1989; Li et al., 1992). However, the latter explana-
tion may not be applied to the present studybecause
form-deprivation myopia was not induced in the
quail.
Visual acuity and contrast sensitivity
After 6-OHDA treatment, the visual functions of the
young quail revealed by PERG measurementsshowed a
decline in both visual acuity and contrast sensitivity.DA
deficits and degeneration of the foveal DA innervation
have also been found in the retinae of patients with
Parkinson’sdisease (Harnois& Di Paolo, 1990;Nguyen-
Legros et al., 1993). Suppressed contrast sensitivitybut
with normal visual acuity have been reported in patients
with this disease (Bulens et al., 1986; Bodis-Wollneret
al., 1987). The unchanged visual acuity of parkinsonian
patients suggeststhat the neuronaldegenerationin brain/
retina alters only the “neural pathways” responsible for
low spatial frequency detection, rather than that for high
spatial frequency.
Also, the N-methyl, 4-phenyl, l-2-3-6-tetrahydropyri-
dine (MPTP)-treatedmonkey(Ghilardiet al., 1988a,b)as
well as monkeys with intravitreal 6-OHDA injection
(Ghilardi et al., 1989) showed visual (electrophysiologi-
cal) abnormalities similar to those seen in the parkinso-
nians’ disease. These could be explained in terms of DA
deficiency in the visual system, including the retina.
Drugs such as L-dopa,which would elevate DA levels in
the body, in fact, were found to improve human visual
contrast sensitivity (Domenici et al., 1985) and visual
acuity (Gottlobet al., 1992).Furthermore,several studies
suggested that DA modulates the receptive field size of
lateral networks by reducing the coupling of the HCSof
fish and mudpuppy (Lasater & Dowling, 1985a,b;Dong
& McReynolds, 1991) and amacrine cells of mammals
(Mills & Massey, 1995).
The visual acuity of quail was found to be age-
independent (see Fig. 3). Thus, the 6-OHDA treatment,
which lowered the visual acuity of young quail, was
somewhatdifferent from the ageing process. It shouldbe
noted that patients with Parkinson’s disease also have
normal visual acuity, although their spatial contrast
sensitivity is impaired. We showed earlier that the
difference in the contrast sensitivitybetween the young
and old quail was most significant(1.5–3 times) at low
spatial frequencies (below 1 c/d) (Lee et al., 1997).The
6-OHDA treatment also induced a significantreduction
(two or three times) in contrast sensitivity of the young
quail in this spatial frequency range. However, the
reduction induced by 6-OHDA treatment was also
present in the high spatial frequency region (2 c/d),
where the difference between the young and the old
normallydiminished.Thus, the 6-OHDAtreatmentcould
imitate the ageing process at low spatial frequencies,but
had additionaleffects at high spatialfrequencies.In other
words, 6-OHDA injection seems to deteriorate “the
neural pathways” responsible for both low and high
spatial frequency detection, whereas in ageing only the
low spatial frequency signalingwas affected. This might
be due to 6-OHDA-induced DA depletion being more
drastic than the change in DA cells that occurs during
normal ageing.
The maximal amplitude and peak latency of PERG
signals
It has been shown that the depletion of retinal DA
either by various drug treatments in rat and Rana frog
(Dyer et al., 1981; Citron et al., 1985) or due to human
Parkinson’s disease (Bodis-Wollner & Yahr, 1978;
Gottlob et al., 1987;Jaffe et al., 1987) induces decrease
in amplitude and lengthening in peak latency of visual
evokedpotential (VEP) and/orERG signals.These are in
line with the present finding on the 6-OHDA-treated
young quail, which also showed decreased maximal
amplitude and increased peak latency compared with
untreatedcontrol.However, we found earlier that the old
quail have a longer peak latency but an unchanged
maximal amplitudewhen comparedwith the young (Lee
et al., 1997).Thus, in this respectalso, the effect of the 6-
OHDA treatment appears to be more pronounced than
ageing.
Witkovsky et al. (1988), (1989) found that DA could
enhance the synaptic transmissionbetween cone and HC
in theXenopus retina. In the present study, an increase in
peak latency after 6-OHDA treatment may be attributed
to that; in the absenceof DA, the balance of rod- vs cone-
driven transmissionin the neural retina would change in
favour of rods, thereby increasing the latencies of light-
evoked responses.
Maguire & Smith (1985) reported that DA was
involved in controlling the sensitivity and temporal
characteristics of light-evoked ganglion cell (GC)
responses in the OFF-system of 6-OHDA-treated cat.
Similar findingswere obtained by Jensen& Daw [1986)
in the rabbit retina. The general suppression of GC
activityby 6-OHDAtreatmentcould explain the decrease
in the amplitudeof PERG signalsobserved in the present
study. This effect may originate, at Ieast partly, in the
outer plexiform layer (OPL), where DA has been shown
in white perch to potentate the action of the PC
transmitter (glutamate)upon HCS,and at least indirectly
also on bipolar cells (Knapp & Dowling, 1987).
Histochemicalstudy
DA Cells of normal “young”and “old”quail retinae.
It has been shown that the catecholamine (CA)
fluorescence observed in the retina of many species
(carp, frog, chicken, pigeon, rat, guinea-pig, rabbit, cat
and cow) originatesmainly from DA; other CASsuch as
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noradrenalineand adrenalineseem to occur only in minor
quantities or are even absent (Hadjiconstantinouet al.,
1983; Ehinger & Steinbusch, 1985).The CA-containing
neurones observed in the quail’s retina, therefore, are
most likely to be DA cells. The morphologyof the retinal
DA neurones in quail observed in the present study was
quite similar to that of chick (Ballesta et al., 1984).
In the normal young quail’s retinae, the DA cell
density in the red field was higher than that in the yellow
field for both sexes. This may be due to the fact that the
red fieldviews an area of the visual fieldbelow the bird’s
beak (inferior nasal visual field). In pigeon, it is the area
for best binocular vision (Martinoya et al., 1981) and
shows high visual acuity for near vision (Bloch et al.,
1981). In fact, the red field of pigeon has a relatively
complex synapticorganizationin the IPL, with many AC
synapses and a high AC/BC (bipolar cell) synapse ratio
(Yazulla, 1974).
In retinae of the old quail, a general decreasein DA cell
density was observed. The fluorescence from the DA
cells of old quailwas much weaker than that of the young
(some cells became barely visible). Thus, a significant
decrease in DA content and/or cell density was apparent
during senescence.The difference in the cell densities in
the two fields (red and yellow) appeared less distinct in
the old quail. This would imply that the decay rate of DA
neurones is faster in the red field than in the yellow field
during ageing. The reason for this is not clear yet. No
dendrites could be found extending out from the DA
soma in old quail. This could be attributed to either the
loss of dendrites during senescence and/or the generally
weak fluorescencethat remained.
DA Cells of 6-OHDA-treated and vehicle control
retinae. After the 6-OHDA treatment, the bluish-green
fluorescencefrom DA cells in young quail retina became
much weaker. There was aIso a dramatic decrease in DA
cell density in both the red and yellow fields. The
irregular or swollen appearance of the residual DA cells
was an indicationof the degenerationprocess inducedby
6-OHDA. This would be in line with the 6-OHDA
treatment which also causes electrophysiologicalvaria-
tion in several visual functionsof young quail, including
refractive state, visual acuity, contrast sensitivity, max-
imal amplitude and peak latency of PERGs.
In an rabbit model of Parkinson’s disease-related
retinopathy, a decrease in the histofluorescenceof CA
cells was observed (Wong et al., 1986). A reduction in
the tyrosine-hydroxylase (TH) immunoreactivityof the
mice retinal DA cells (Tatton et al., 1990) was also
reported. This would suggest that either a degeneration
process or a disorder in TH and/or DA synthesiswithin
the visual system, is responsible for the visual impair-
ment observed in parkinsonianpatients (Nguyen-Legros
et al., 1993).
Possible involvement of retinalDA in visual ageing
The results of the present study would suggest, to a
certain degree, that DA depletioncould mimic the ageing
process in quailvision.This was accompaniedby similar
effects in the following aspects:
1. The refractivestate of the eye became more myopic.
2. The contrast sensitivity at low to intermediate
frequencieswas reduced.
3. The peak latency of PERG responsewas prolonged.
Importantly, the 6-OHDA treatment had some addi-
tional effects, as follows:
1. Lowering of the visual acuity;
2. decrease in the maximal amplitude of PERG
response; and
3. reduction in the contrast sensitivity also at high
spatial frequencies.
The discrepanciesmay be due to a number of reasons.
First, duringsenescence,retinalDA depletionmay not be
so complete as 6-OHDA treatment, as suggested by the
cell counts. If so, differentextentsof retinalDA depletion
could give rise to successive visual defects. Second,
visual ageing may involve also change(s) in other
neurotransmitterswhich may or may not be related to
the DA system. For example, there is evidence that y-
amino-butyricacid (GABA), glycine, serotonin,melato-
nin, substance P and thyrotropin-releasing hormone
(TRH) are potent modulators of DA release in the rat
and fish retina (Marshburn & Iuvone, 1981; Kato et al.,
1982;Daw et al., 1982;Negishiet al., 1983;Dubocovich,
1983;O’Conneret al., 1986).Other neuropeptides,such
as enkephalins (Su et al., 1986), glucagon (Marshak et
al., 1983)andvasoactiveintestinalpeptide(Lasateret al.,
1983), have also been localized in ACS of goldfish and
carp. If the latter also showed age-dependent changes,
additionalvisual defects could indeed result.
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